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ULTRASONIC ATTENUATION IN SUPERCONDUCTING NIOBIUM* 
by Joseph H. Simmons 
Lewis Research Center 

SUMMARY 

The attenuation of ultrasonic waves with frequencies between 30 and 330 megahertz 
was investigated in niobium single crystals oriented in the (100) and (110) crystal direc- 
tions. The dependence of the attenuation on temperature was observed with the samples 
in different background magnetic fields, and the temperature- dependence energy gap was 
calculated from the observed attenuation by using the Bardeen- Cooper-Schrieffer model. 
The experiment was performed on both annealed and unannealed niobium single crystals. 
Both longitudinal and shear waves were used. The study of longitudinal waves led to a 
determination of the anisotropy of the zero-temperature energy gap. 


INTRODUCTION 

In recent years, the study of ultrasonic attenuation due to conduction electrons has 
provided a powerful tool for investigating the electron-lattice interaction and for deter- 
mining the properties of electrons in metals. The extension of these measurements to 
superconductors has yielded valuable information concerning the energy gap and the 
electron-lattice interaction. 

The Bardeen- Cooper-Schrieffer theory of superconductivity (ref. 1) developed in 1957 
described the absorption of ultrasonic waves in the superconducting state and, as a con- 
sequence, initiated a large number of experiments using tin (refs. 2 to 4), aluminum 
(refs. 5 and 6), and lead (refs. 7 and 8) crystals. A few preliminary experiments were 
performed on the hard superconductors, niobium (refs. 9 to 11) and vanadium (refs. 11 
and 12), but only a small range of parameters was studied. In general, a considerable 
range of energy- gap values was obtained in these previous investigations of hard super- 

*The information presented herein was submitted as a thesis in partial fulfillment of 
the requirements for the degree Master of Science in Physics at John Carroll University, 
Cleveland, Ohio, in June 1966. 



conductors. Inaccurate temperature control at low reduced temperatures, as well as 
amplitude dependence of the type observed in lead (ref. 7), may have contributed to the 
difference in results. Because of inpurities and dislocations, the mean free paths l of 
the conduction electrons were not much greater than the length 1 /q of the imposed ultra- 
sonic waves; consequently, only samples with mean-free-path to wavelength ratios less 
than or close to 1 (qi < 1) were studied. 

An investigation of the attenuation of ultrasonic waves in niobium crystals was con- 
ducted with the temperature carefully controlled. A preliminary study of the amplitude- 
dependence effect (a change in attenuation with energy of the input signal) was undertaken 
in order to avoid obtaining results unrelated to the Bardeen- Cooper-Schrieffer (BCS) 
theory. An observation of the effect of electronic mean-free-path length was made by 
comparing measurements of two originally identical samples with different resistance 
ratios. A range of ql values from much less than 1 to much greater than 1 was obtained 
by varying the frequency of the ultrasonic waves from 30 to 330 megahertz and by using 
annealed and commercially available niobium crystal samples. 

Niobium single- crystal rods were oriented with their axes parallel to the (100) and 
(110) crystal directions. The dependence of attenuation on temperature was observed with 
samples in different background magnetic fields, and the effect of magnetic field on the 
type of phase transition to the normal state was investigated. The temperature-dependent 
energy gap was calculated from the observed attenuation by using the BCS model. Both 
longitudinal and shear waves were used to determine gap anisotropy. The attenuation of 
low-frequency, ultrasonic waves was carefully studied in an effort to observe the collec- 
tive excitation modes for electrons in the superconducting state corresponding to pres- 
sure waves in a neutral Fermi gas, as seen by Claiborne and Einspruch (ref. 13). 


ULTRASONIC ATTENUATION IN SUPERCONDUCTING STATE 

The attenuation of ultrasonic waves in superconducting metals decreases sharply when 
the sample temperature is lowered below the transition temperature. This drop can be 
attributed to the absence of states within the energy gap, which implies that, to become 
excited, the superconducting electrons cannot absorb the sound energy in amounts less 
than the gap 2A. This drastically reduces the transition probability and, consequently, 
the attenuation. The microscopic theory developed by Bardeen, Cooper, and Schrieffer 
(ref. 1) explained this phenomenon for longitudinal waves. The dependence of energy gap 
on temperature, derived by the BCS theory, is plotted in figure 1 from values of A(T) 
obtained in reference 14. The energy gap at zero (2A(0)) was calculated to be 3. 52 kgT c . 
Assuming that the density of states is not changed in the transition from the normal to the 
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superconducting state, except near the gap, the 
BCS theory relates the ratio of the superconducting 
to normal attenuations with the temperature- 
dependent energy gap in the equation 


^S_f(A)_ 
f(0) 


a 


n 


exp 


/a(tV 

V*b t 


') 


( 1 ) 


+ 1 


Figure 1. - Energy-gap parameter of Bardeen -Cooper- 
Sch rieffer theory. 


All symbols are defined in the appendix. 

In general, good agreement exists between 
the attenuation equation and the experimental 
results. Small deviations were observed in the 
region of high T/T_ because the energy bands 


are slightly anisotropic; therefore, the attenuation actually involves a complicated aver- 
age of the energy gap. However, these deviations do not impair the general usefulness of 
the BCS theory in the study of ultrasonic attenuation in superconductors. 

Implicit in the BCS analysis through the assumption of predominance of electron- 
phonon interactions is the condition that q Z » 1. Later, Tsuneto (ref. 15) derived the 
attenuation for arbitrary mean free paths and showed that the temperature dependence is 
not different from the BCS theory, including cases of qZ « 1. 

As in the case of normal metals, because of energy and momentum conservation, 
only electrons with group velocity components in the direction of propagation of the wave 
nearly equal to the sound velocity contribute in the attenuation. Since most electrons in 
this case have group velocities much larger than sound velocity, only those moving in 
directions nearly perpendicular to the sound propagation direction satisfy the condition. 
Therefore, the energy gap over definite regions of the Fermi surface can be measured 
by varying the direction of wave propagation relative to the crystal axes. 

In the case of transverse ultrasonic waves, because of the Meissner effect, shielding 
currents are set up to counteract the phonon transverse electromagnetic fields caused by 
the lattice motion (ref. 14). Only small sections of the sample (of the order of the pene- 
tration depth) are affected by the ultrasonic wave; consequently, few electrons will ab- 
sorb energy from it. It is then expected that the attenuation will drop abruptly just below 
the critical temperature. Bohm and Morse (ref. 16) observed this abrupt drop in the 
shear wave attenuation in polycrystalline indium and tin with q I > 1. They also observed 
a decrease in the magnitude of the sharp drop with descending qZ values. The reason 
(refs. 14 to 17) for this decrease in the sharp drop for qZ « 1 is that local collisions 
become the dominant mechanism in the interaction between the electrons and the lattice. 
Thus, in this case, Meissner shielding has little effect in decreasing the attenuation. 
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GENERAL EXPERIMENTAL TECHNIQUES 


Ultrasonic attenuation in a metal is studied by observing the decrease in amplitude of 
short-duration mechanical pulses as they are propagated back and forth through the test 
sample. An electrical signal first excites a transducer, which then transmits to the 
sample an ultrasonic pulse through a thin layer of coupling material. Successive echoes 
of this pulse are picked up, amplified by a receiver, and usually displayed on an oscillo- 
scope. The energy lost by the wave while propagating over multiples of the sample length 
is found by using a calibrated pulse comparator to measure the attenuation difference be- 
tween the echoes. The variation of energy absorption in the metal is then studied by 
monitoring the desired parameters. 

The ultrasonic attenuation measurements described herein were made with equipment 
(fig. 2) of the type used by Morse (ref. 14) and Chick, Anderson, and Truell (ref. 18). 

A master synchronizer generates pulses which alternately trigger a pulsed oscillator and 
a calibrated attenuator, or pulse comparator. These pulses are also used to trigger the 
oscilloscope. The oscillator sends 50 to 500 pulses per second on a carrier wave which 
can be varied in frequency between 30 and 330 megahertz. The ultrasonic pulses are then 
transmitted to a quartz crystal transducer of fundamental frequency varying between 5 and 
30 megahertz. The electrical pulses are transformed into mechanical pulses by the trans- 
ducer and then transmitted to the sample by a coupling bond. Successive echoes of the 
original pulse are picked up and amplified by a receiver and then displayed on an oscillo- 
scope screen. Two means of detecting the echoes are frequently used: the double- 
transducer method, which uses separate transducers to produce the pulse and pick up the 



Figure 2. - Block diagram of ultrasonic equipment used in observing attenuation in niobium. 
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echoes, and the single-transducer method, which uses the same transducer to produce 
the pulse and to pick up the reflected echoes. The equipment in this experiment could be 
used with either method. However, because of its simplicity, the single-transducer, 
reflected- echo technique was used exclusively. The oscilloscope shown in figure 2 
samples the visual display at any point and produces a signal proportional to the height of 
the sample point above a variable zero level. This signal is plotted on the Y-axis of an 
X, Y-recorder. A constant current source with matched transistors to eliminate the ef- 
fect of thermal fluctuations was used to power the resistance thermometer, which was a 
1/10-watt, 100-ohm carbon resistor. The thermometer returned to the same resistance 
after being cycled several times between room and liquid- nitrogen temperatures, then it 
was calibrated by the method of Clement and Quinnell (ref. 19). The voltage across the 
resistor was recorded on the X-axis of the X, Y-recorder. In this manner direct readings 
of the variation of attenuation with temperature were obtained. A doped germanium re- 
sistor was also used as a thermometer; however, since its sensitivity was smaller than 
that of the carbon resistor in the temperature range of interest, it served mainly to check 
the calibration of the carbon element. The temperature readings from both the carbon and 
germanium resistors were the same and thus indicated that no appreciable thermal gradi- 
ents were present in the copper heat sink during the experiments. The variable- 
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Figure 3. - Test chamber. Temperature can be varied from 1. 6° to 77° K. 
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temperature test chamber, shown in figure 3, consists of an evacuated, stainless steel 
cylinder with a copper heat sink in the center. The niobium sample and the two resistors 
were located inside and were kept in good thermal contact with the copper cup. A heater 
of noninductively wound, Nylon- insulated, 0. 002- inch-diameter heating- element wire was 
used to vary the temperature of the heat sink. By pumping on the liquid-helium vessel and 
varying the current through the heater, temperatures ranging from 1 . 6 ° to greater than 
50° K are obtainable, although during the actual tests only temperatures as high as 9° K 
were needed. Heat paths to the helium bath were such that any desired temperature could 
be maintained for long periods of time by passing a constant direct current through the 
heater. The ultrasonic pulses were brought into the chamber through a 52-ohm transmis- 
sion line composed of two concentric stainless steel tubes separated by polytetrafluoro- 
ethylene spacers. A copper piston pushed by a phosphor-bronze spring was then used to 
connect electrically the inner conductor of the line with the quartz crystal transducer. 
Quartz elements with fundamental frequencies of 30, 10, and 5 megahertz were used to 
generate the sound waves into the niobium crystals. Both longitudinal and transverse 
waves were studied. The stopcock grease used to couple the transducer to the sample 
worked well, particularly when a large pressure was applied to the seal prior to cool 
down. The background magnetic fields were supplied by a niobium- stannide supercon- 
ducting coil which provided longitudinal fields. 

The niobium samples tested varied in length from 1. 14 to 1. 05 centimeters and had 
a 0. 92-centimeter diameter. Two 5-centimeter-long niobium rods were first oriented, 
one with its axis in the ( 100 ) crystal direction and the, other with its axis in the ( 110 ) 
crystal direction, with an accuracy of better than 1/2° as determined by X-ray back- 
scattering measurements. Then a sparkcutter was used to cut the rods perpendicular 
to the desired crystal directions into 1. 25-centimeter samples which were hand lapped. 

The rings used were stainless steel with faces flat and parallel to within 2. 5 microns. 
However, parallelism of the faces became a problem in some cases despite careful 
hand lapping. The niobium specimens, which are body-centered-cubic, were oriented, 
some with their axes parallel to the ( 100 ) crystal direction and others with their axes 
parallel to the (110) crystal direction. Measured resistance ratios were used to in- 
dicate the purity of the various samples and their electronic mean free path. The samples 
had a resistance ratio (R 300 0 k ^ R 4 2 ° as measured by an energy-time-decay 

technique. One of the (110) samples was annealed for 10 hours at a temperature of 
2200° C in a vacuum of 10" millimeter of mercury following a 4-hour oxygen treat- 
ment at 5x10” ^ millimeter of mercury (ref. 20). The resulting resistance ratio was 
1330. This sample had to be kept constantly at liquid- nitrogen temperature in order 
to avoid excessive oxidation of its surface and to reduce the mobility of impurities within 
it. Spectral analysis of the annealed and nonannealed samples revealed little difference 
in their impurity content. The analysis also indicated that the annealing process reduced 
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the amounts of hydrogen, potassium, iron, and several niobium compounds with carbon 
and oxygen, but it increased the percentage of oxygen and tungsten. In each case, the 
sample purity was higher than 99. 9 percent. 


MEASUREMENTS OF ULTRASONIC ATTENUATION 

The temperature dependence of the attenuation was studied in niobium single crystals 
oriented in two directions, (100) and (110). Both longitudinal and transverse waves were 
used, and the frequency was varied from 30 to 330 megahertz. However, because of the 
impurity of the low- resistance- ratio material, the highest value obtainable, 330 mega- 
hertz, was still in the q l « 1 region, as indicated in figure 4 by the frequency square 
variation of the normal electronic attenuation (refs. 21 and 22). The annealed niobium 
sample showed a linear dependence of the attenuation on frequency above 170 megahertz 
(fig. 5) and thus was in the ql > 1 region (refs. 21 and 22). 


Longitudinal Waves 

Amplitude effects . - Amplitude dependence of the attenuation type observed by Love 



Figure 4. - Dependence of electronic attenuation on frequency for 
samples with resistance ratio of 150. 
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Figure 5. - Dependence of electronic attenuation on frequency 
for samples with resistance ratio of 1330. 



2 3 4 5 6 7 8 9 10 

Temperature, °K 

Figure 6. - Amplitude dependence of attenuation of longitudinal wave in annealed niobium 
(100) sample at 330 megahertz. 
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and Shaw (ref. 7) and by Tittmann and Bommel (ref. 23) in lead was also found in the 
annealed niobium crystal. This crystal was studied in the (110) direction only. The 
energy input into the sample was varied by changing the amplitude of the initial wave 
transmitted to the transducer. Figure 6 shows plots of the measured values of the change 
in attenuation A a = a s - “ n against temperature for three different amplitudes and in- 
dicates a dependence of attenuation on energy input. The high-amplitude attenuation cor- 
responds to a driving voltage of 2. 25 volts, as measured at the oscillator, and corre- 
sponds to the highest output available. At this frequency, 330 megahertz, it is difficult 
to tell how much energy was actually transmitted to the crystal. Although the power 
limitation of the instrument restricted the range of measurement, it was obvious that an 
amplitude dependence effect was present in niobium, but the magnitude of the observed 
change was not as large as expected from the lead experiments, A small decrease in the 
critical temperature with increasing energy input was also observed. In all subsequent 
measurements presented in this report, as low an amplitude as was found feasible was 
used, and thus the error introduced was reduced. In the measurements of anisotropy, 
the amplitude of the initial pulse was carefully monitored so that it stayed the same in all 
cases. Tittmann and Bommel (ref. 23) have presented an explanation of the amplitude 
effect which takes into account the influence of conduction electrons on dislocations in the 
lattice. According to their model, dislocations which are pinned down by impurities can 
be torn away with sufficiently large amplitude oscillations, and they will then vibrate 
around the nodes of the dislocation network. .Since most electrons are in the supercon- 
ducting state and are not scattered by the lattice, little electron damping occurs, and the 
dislocation lines are free to absorb energy from the sound wave. Thus, in order to obtain 
energy-gap measurements free of amplitude effect, waves of small amplitudes must be 
used. The presence of a magnetic field eliminates this amplitude effect, as shown by Love 
and Shaw (ref. 7). The amplitude effect could not be observed conclusively in any of the 
grain orientations of the unannealed crystals in the present study because of a lack of in- 
put energy range. However, it is expected that, since more dislocation lines are present 
in the unannealed samples, the amplitude dependence effect is present in them. 

Energy gap . - Figure 7 shows for the three samples the variation of attenuation with 
reduced temperature for longitudinal ultrasonic waves having a frequency of 330 mega- 
hertz. Both the experimental data and the BCS theory show a sharp drop in the measured 
attenuation below the critical temperature, as shown previously for other metals. Good 
agreement was found among all three samples. The annealed sample shows somewhat 
closer agreement with the BCS curve than the others (fig. 7(c)). The energy gap for each 
specimen is then calculated from these curves by using equation (2) 
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Normalized electronic attenuation, a s /a, 



0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0 


(a) Propagation in (100) crystal direction; sample resist- (b) Propagation in (110) crystal direction; sample resist- 
ance ratio, 150; ultrasonic frequency, 330 megahertz. ance ratio, 150; ultrasonic frequency, 330 megahertz. 



0 .2 .4 .6 .8 1 

Reduced temperature, T/T c 


(c) Propagation in (110) crystal direction; sample resist- 
ance ratio, 1330; ultrasonic frequency, 330 megahertz. 

Figure 7. - Variation of electronic attenuation in superconducting state as function of temperature for longitudinal waves. 
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Reduced energy gap, A(T)/a(0) 
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(a) Propagation in (100} crystal direction-, resistance ratio, 
150; zero-temperature energy gap, 1. 78 kgT c , where k B 
is Boltzmann constant and T c is critical temperature. 



(b) Propagation in (110) crystal direction; resistance ratio, 
150; zero-temperature energy gap, 1. 84 k B T c , where kg 
is Boltzmann constant and T c is critical temperature. 



(c) Propagation in (110) crystal direction; resistance ra- 
tio, 1330; zero-temperature energy gap, 1.84knTp, 
where kg is Boftzmann constant and T c is critical 
temperature. 


Figure 8. - Energy-gap dependence on temperature for 
longitudinal waves (eq. (2)). 



(2) 


and is plotted in figure 8. Again, better agreement 
is found between the theoretical gap variation and 
the annealed sample (fig. 8(c)), although all three 
crystals showed a dependence close to that predicted 
by the BCS theory. The zero-temperature energy- 
gap values were obtained by the method described by 
Morse, Olsen, and Gavenda (ref. 2). Plots of 
|ln(2Q! n /a s - l)j~* against reduced temperature 
T/T c are shown in figure 9. The inverse of the 
slope of the extrapolated straight line for each curve 
at low reduced temperatures gives a direct measure- 
ment of the zero- temperature energy gap. Because 
of the high critical temperature of niobium, values 
of reduced temperature were easily reached beyond 
which the attenuation did not change measurably. 
These values eased the choice of a zero electronic 
attenuation level and were reflected in the linearity 
of the points of low temperatures and in the inter- 
cept of the extrapolated line at T/T„ = 0, which was 

V 

the origin in every case (fig. 9), as predicted by 
equation (1). Accurate estimates of the zero- 
temperature energy gaps were obtained and these 
checked well with the extrapolated values obtained 
by extending the curve of A(T) against reduced tem- 
perature. The resulting values for A(0) showed a 
significant anisotropy in the gap between the (100) 
and (110) crystal directions: 

2AlOo<0> = 3. 56 k B T c 

2A no (0) = 3.68 k B T c 

The annealed (110) sample ql > 1 had the same value 
of A(0)kgT c as did the impure (110) sample ql < 1, 
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(a) Propagation In U00) crystal direction; zero-temperature energy gap, 1.78 k B T c , where k B Is Boltzmann 
constant and T c is critical temperature; unannealed sample. 



.1 .2 .3 .4 .5 .6 .7 .8 .9 

Reduced temperature, T/T c 

(b) Propagation In (110) crystal direction; zero-temperature energy gap, 1.84 k B T c , where k g is Boltzmann 
constant and T c is critical temperature; unannealed sample. 

Figure 9. - Calculation of zero-temperature energy gap for longitudinal wave propagation. 
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0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 

Reduced temperature, T/T c 


(c) Propagation in (110) crystal direction; zero-temperature energy gap, 1.84 kgT c , where k B is Boltzmann 
constant and T c is critical temperature; annealed sample. 

Figure 9. - Concluded. 


which supports Tsuneto’s theory (ref. 15) that the BCS equation for attenuation of longitu- 
dinal waves is nearly independent of electronic mean free path. However, the critical 
temperature of the annealed sample was raised and its critical magnetic field lowered. 

The measured critical temperature of the unannealed crystals (resistance ratio of 150) 
was 8. 67° K, whereas that of the annealed crystal (resistance ratio of 1330) was 9. 04° K. 
Despite the low resistance-ratio values, these samples showed a behavior, in the case 

« of longitudinal waves, close to that of an ideal superconductor, as described by theory 

(ref. 24). 

w The zero-temperature energy gap 2A(0) of the (100) samples was 3. 56 kgT c - This 

value agrees well with the BCS value of 3. 52 kgT c and 3. 59 kgT c (ref. 25), but is lower 
than other ultrasonic measurements (3. 77 kgT c for the (100) direction, ref. 10) and 
thermal capacity data (3. 8 kgT c , ref. 26, and 3. 9 kgT c , ref. 10). This value compares 
quite well with the tunneling value of 3. 5 for a thin film system, niobium- niobium oxide- 
lead (ref. 27). It must be remembered, however, that thermal- capacity measurements 
give an averaged value of the energy gap over all crystal directions. The zero- 


13 




Figure 10. - Dependence of longitudinal wave attenuation in superconducting state. 
Sample oriented in U10) crystal direction; frequency, 50 megahertz. 


temperature energy gap of the (110) sample was 3. 68 kgT c , which agrees well with other 
longitudinal ultrasonic measurements of 3. 68 k B T c (ref. 10) but is lower than the shear- 
wave ultrasonic measurements of 3. 8 kgT £ (ref. 11). 

Attenuation plateau. - An anomalous effect similar to that observed by Claibom and 
Einspruch (ref. 15) in niobium-zirconium alloys was seen in the (110) unannealed niobium 
crystal for longitudinal waves. A plateau occurred in the variation of the attenuation with 
temperature (fig. 10). This plateau spanned a large range of temperatures at low fre- 
quencies (50 to 30 MHz). Its width changed inversely with frequency and disappeared 
above 70 megahertz. The plateau was not observed in the annealed crystal and was, 
therefore, due to impurity and strains. Strains were the cause since the impurity content 
of the central portion of the sample was not highly reduced by the annealing process. 

Reference 13 pointed out that this behavior is indicative of the existence of low-frequency 
collective excitation modes in the energy gap around the Fermi surface in the plane per- 
pendicular to the (110) crystal direction of the niobium crystal. This plateau, however, * 

was not seen in the (110) crystal in the case of shear waves or in the (100) crystal with 
shear or longitudinal waves. k 


TRANSVERSE WAVES 


The curves of figure 11 for shear waves at q l values near unity (210 and 330 MHz) 
exhibit a distinctly different behavior from those of figure 7 for longitudinal waves. 
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Normalized electronic attenuation 



(a) Propagation In (100) crystal direction; sample resist- (b) Propagation In (110) crystal direction; sample resist- 
ance ratio, 150. ance ratio, 150; polarization vectors in (100) crystal 

direction. 



(c) Propagation In (110) crystal direction; sample resist- 
ance ratio, 1330; polarization vectors in (100) crystal 
direction. 


Figure 11. - Variation of electronic attenuation in superconducting state as function of temperature for transverse 
alternating-current waves. 
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Instead of dropping abruptly, because of the Meissner effect, as the temperature was re- 
duced below T_, the attenuation ratio in figure 11 remained near its normal-state value 

until the temperature was lowered to the range 0. 7 to 0. 8 T ; beyond 0. 8 T a rapid drop 

c c 

ensued. This trend is somewhat similar to that predicted by Mackintosh (ref. 28) for 
shear waves at high frequencies. As in reference 28, the drop in attenuation below T c 
sharpened and moved closer to T with decreasing ultrasonic frequency, as shown by 
the dashed lines in figure 11. In this case, the change in attenuation for a wave of 90 mega- 
hertz was close to the variation predicted by the BCS theory for longitudinal waves. As 
the temperature was decreased, the data of reference 11 showed a drop which occurred 
near T c . Beyond the original drop, the remaining nonzero attenuation, called the 
"residual attenuation, " is usually matched to the longitudinal BCS falloff (ref. 6). Ref- 
erence 17 attributes such residual attenuation to a collision drag effect in which moving 
impurities collide with thermally excited, normal electrons. Whether such collisions 
could also cause the near normal attenuation in the region of the curves near T c in fig- 
ure 11 remains uncertain. Reference 11 used the residual-attenuation region at low 
reduced temperatures T/T. to calculate a zero-temperature energy gap from the longi- 
tudinal BCS equation (2). However, attempts to make a similar analysis of the data of 
figure 11 at the high frequencies were unsuccessful because agreement with theory was 
obtained only at very low attenuations in the extremely low temperature region of 
T/T < 0. 30. Although the apparatus was capable of reading T/T values of 0. 18, the 
change in attenuation was too small to be recorded accurately. No thorough explanation 
of the behavior of shear waves in superconductors is yet available; thus, it is difficult to 
relate correctly the observed variation of attenuation with temperature to the energy- gap 
parameter. 


Magnetic Field Effects 

The effect of an external longitudinal magnetic field was similar for all samples and 
is shown for the (100) sample in figures 12, 13, and 14. Niobium, as was expected, be- 
haved like a type I superconductor up to fields close to its critical field value. The 
Meissner effect was observed as the field was excluded from the sample, and the attenu- 
ation remained equal to its zero-field value at low temperatures. Upon reaching its criti- 
cal temperature, the sample made a sharp transition to the normal state. In figures 6, 

7, and 11, the plots of attenuation against temperature were obtained by slowly raising, 
rather than lowering, the temperature in order to avoid trapping flux when cooling down in 
a background magnetic field as shown in figure 14. The sharp increase in attenuation with 
increasing temperature at the critical point indicates that a first-order phase transition 
is taking place, in contrast to the field-free case, where a second-order phase transition 
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Reduced temperature, T/T c 


Figure 12. - Longitudinal -wave attenuation in (100) crystal 
direction for various background magnetic fields. 



0 .2 .4 .6 .8 L 0 


Reduced temperature, T/T c 

Figure 13. - Shear-wave attenuation in (100) crystal 
direction for various background magnetic fields. 




is observed. Seen in high-background fields close to the critical magnetic field were flux 
jumps into the niobium, which consequently heated the sample. These flux jumps often 
caused the niobium to become normal by trapping increasing amounts of flux during each 
successive flux- jump- induced temperature cycle. 


SUMMARY OF RESULTS 

The attenuation of ultrasonic waves of frequencies of 30 to 330 megahertz was ob- 
served in niobium single crystals with a resistance ratio of 150 and an orientation in the 
(100) and (110) crystal directions. One of the (110) crystals was annealed, and its resist- 
ance ratio was raised to 1330 as measured by a coil decay technique. Both longitudinal 
and transverse waves were studied. In the case of longitudinal waves, the dependence of 
the electronic attenuation in the three crystals closely followed the Bordeen-Cooper- 
Schrieffer (BCS) theory except for small deviations near the critical temperature. Ani- 
sotrophy was shown in the zero-temperature energy gaps A(0) calculated from the attenu- 
ation data: 


2A 10 o(°) = 3. 56 k B T c 

and 

2A U0 (0) = 3. 68 k B T c 

where kg is the Boltzmann constant and T c is the critical temperature. A dependence 
of extrapolated zero -temperature energy gap on input pulse amplitude was examined and 
found to exist in the niobium samples studied. However, the effect, was small, and 
meaningful measurements could be obtained for low amplitudes, as was seen in the re- 
producibility of all measurements and in the close agreement of experimental results 
with equation (l)(fig. 9). The values obtained for the zero-temperature energy gap com- 
pare well with values obtained through other measurements and with those predicted by 
the BCS theory. A study of the attenuation of low-frequency waves in the samples re- 
vealed the existence of collective excitation modes within the energy gap of the unannealed 
sample in the (110) direction. Both the annealed (110) sample (qZ > 1, where q is wave 
number and Z is mean-free-path length) and the nonannealed (110) sample (qZ < 1) had 
the same extrapolated zero-temperature energy gap and this supported Tsuneto’s predic- 
tion that the BCS equation for attenuation of longitudinal waves is nearly independent of 
mean-free-path length. 

The transverse shear waves had a near normal absorption for a range of temperatures 
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near the critical temperature. Hie absorption remained above the longitudinal BCS 
curve down to reduced temperatures of 0. 30 for the case of high frequencies. A lack of 
existing models exhibiting this behavior of the attenuation prevented an estimation of the 
energy- gap parameters from the shear-wave attenuation observed. 

The application of background magnetic fields reduced the transition temperature and 
caused first-order phase transitions to occur at the critical point for both longitudinal and 
shear waves. Flux trapping was also observed in the case of cool down of the sample 
below T c in an applied field. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, October 19, 1966, 

129-02-05-02-22. 
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APPENDIX - SYMBOLS 


f(e) Fermi-Dirac function 

1 

"- fe )- 1 

H magnetic field 

H c critical magnetic yield 

k B Boltzmann constant 

l mean free path length 

q wave number 


T 

absolute temperature 

T c 

critical temperature 

T/T c 

reduced temperature 

“n 

attenuation of wave in normal 
state 

“s 

attenuation of wave in super con- 
ducting state 

A 

energy-gap parameter 
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